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Control of Replication Timing
by a Transcriptional Silencer
to cause late replication of ARS1412 and ARS1413 on
a plasmid [5]. The size and complexity of these elements
has hindered efforts to dissect the mechanisms de-
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Telomeres and their associated sequences are local-Microbiology
Stony Brook University ized at the nuclear periphery and are transcriptionally
silent and late replicating. The silencing proteins Sir2,Stony Brook, New York 11794
Sir3, and Sir4 are essential for transcriptional silencing
of genes near telomeres. Stevenson and Gottschling
found that deleting the gene for the silencing factor Sir3Summary
allows early replication of subtelomeric sequences [7].
This suggests that transcriptional silencing or hetero-Background: Eukaryotic DNA replication starts at many
origins. Some origins are used early in S phase, while chromatin formation may be a direct cause of the late
replication near telomeres. Nevertheless, loss of Sir3others are programmed to fire later. In general, late repli-
cation is correlated with transcriptional inactivity and not only disrupts silencing but also disrupts telomere
structure and causes delocalization of the major telo-with location near the nuclear periphery. However, the
mechanisms that determine replication timing are un- mere binding protein Rap1 [9, 10]. It is not clear which of
these effects is responsible for the change in replicationclear, and the cause-and-effect relationship between
late replication, transcriptional inactivity, and location timing. Adding to the confusion are studies suggesting
that deletion of SIR4 does not allow early replication atat the nuclear periphery is unknown.
Results: Using budding yeast, we show that a transcrip- the HMR and HML loci, even though deletion of SIR4
does relieve the silencing of these loci ([11] and D.C.Z.,tional silencer, HMR-E, can reset the time of initiation
of ARS305 from early to late. This resetting requires Sir unpublished data). Similarly, silencer sequences at HMR
have been mutated so that transcription was no longerproteins, which are silencers of transcription. Resetting
can also be achieved by targeting Sir4 to ARS305. silenced, and, in this case, replication of the region still
remained late [12]. It is possible that Sir proteins canHMR-E sequences and targeted Sir4, both of which
cause late replication of ARS305, also cause transcrip- program origins to replicate late but that the HM loci
have additional pathways inhibiting early replication.tional silencing of the nearby APA1 gene.
Conclusions: Sir proteins are sufficient to reprogram In our studies, we have juxtaposed a transcriptional
silencer (from HMR) and an early firing replication origin.an origin from early to late; that is, Sir proteins are a
cause of late replication. Presumably, the tight chroma- This system allows us to investigate directly the effect
of a silencer on replication timing. The silencer itselftin structure promoted by Sir proteins favors both tran-
scriptional inactivity and late replication. includes a replication origin. To distinguish the effects
of the silencer from dominant effects of one replication
origin on an adjacent origin [13], we have artificiallyIntroduction
tethered Sir4 at the early origin to measure effects of Sir
proteins on replication independent of any contributionReplication origins fire at various times throughout S
phase, with particular origins constrained to fire at par- from cis-acting sequences in the silencer.
We studied the timing of initiation by releasing G1-ticular times [1]. Replication timing is correlated with
subnuclear location [2, 3] and with chromatin structure arrested cells into hydroxyurea (HU), which causes the
accumulation of replication intermediates at origins [14,or activity. For example, in mammalian cells, the inactive
X chromosome replicates later in S phase than the active 15]. These intermediates were resolved by denaturing
agarose gel electrophoresis and detected on SouthernX. Studies in S. cerevisiae show that timing is determined
by sequences outside the replicator or autonomously blots using origin-specific probes. Early replicating ori-
gins initiate efficiently in HU, whereas late origins arereplicating sequence (ARS) [4, 5]. Placement of an early
firing ARS in a silenced region or close to a telomere inhibited by the intra-S phase checkpoint. However, initi-
ation can be seen at late origins even in HU if the check-(which is both transcriptionally silenced and near the
nuclear periphery [6]) typically resets the ARS so that it point is inactivated by mutation [14, 16]. Incubation of
a checkpoint mutant in HU facilitates analysis of initia-fires late in S [4, 7] or not at all [8]. Conversely, moving a
late ARS out of its chromosomal context onto a plasmid tion at specific late origins because the HU arrest pre-
vents passive replication from other origins [11, 14].allows early replication [4, 5]. ARS301 may be an excep-
tion to this pattern, because the determinants of late
timing appear to overlap the ARS itself [8]. Nevertheless,
Results and Discussionin most cases, a generic replicator fires early or late,
depending on flanking elements. Friedman et al. showed
We tested the ability of a silencer to regulate the timethat three large sequence elements could work together
of initiation by comparing the early origin ARS305 with
ARS305:(HMR-E)2, which has two copies of the 144 bp3 Correspondence: rolf@life.bio.sunysb.edu (R.S.), janet.leatherwood@
sunysb.edu (J.L.) minimal HMR-E [17] integrated 225 bp from ARS305
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Figure 1. A Silencer Resets Replication at ARS305 from Early to Late
(A) (HMR-E)2 blocks formation of replication intermediates in HU. ARS305:(HMR-E)2 structure is shown at the top. Below that are Southern
blot analyses of 5–20 kb replication intermediate (RI) DNA, detected using probes for ARS305 and ARS607 as indicated. Cells were arrested
in  factor and released into HU at time  0 min. DNA was compared from two strains: wild-type ARS305, strain YDZ136, (HMR-E); and
with silencer sequences ARS305:(HMR-E)2, strain YDZ138, (HMR-E).
(B) rad53-21 allows replication initiation at ARS305:(HMR-E)2 in HU. Southern blot analyses of RI DNA detected using probes for ARS305 and
ARS501 as indicated. DNA was compared from three strains: wild-type ARS305, strain YDZ140, (HMR-E); with silencers ARS305:(HMR-E)2,
strain YDZ138, (HMR-E); and with silencers in the rad53-21 mutant indicated by (r), strain YDZ148.
(C) Data in (B) normalized using ARS607 signal (see Experimental Procedures for details).
(HMR-E is a silencer from the silent mating type locus ARS607 was the same in both strains (Figure 1A). Re-
lease from the G1 block was the same in both strainsHMR [18]). As expected, ARS305 replication intermedi-
ates appeared 25 min after release from G1 [14]. In as assayed by budding index (data not shown). The
HMR-E sequences at ARS305 did not affect replicationcontrast, no replication intermediates were detected
from ARS305:(HMR-E)2 at any time after release (Figure 34 kb away at ARS306, indicating that the silencer-medi-
ated delay is local (data not shown). These data show1A). Furthermore, the replication differences were spe-
cific for ARS305, since firing of the unlinked early origin that (HMR-E)2 has a dramatic effect on ARS function
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Figure 2. (HMR-E)2 Delay of Initiation Requires SIR4
(A) Deletion of SIR4 allows replication initiation at ARS305:(HMR-
E)2 in HU. Southern blot analysis of RI DNA using a probe for ARS305.
DNA was compared from three strains: wild-type ARS305, strain
YDZ140 (HMR-E); with silencers ARS305:(HMR-E)2, strain YDZ194
(HMR-E); and with silencers in the sir4 mutant indicated by (),
strain YDZ212.
(B) Data in (A) normalized using ARS607 signal.
even when it is moved away from HMR to an early-
replicating location.
The rad53-21 mutant lacks the intra-S checkpoint [14,
19] and was used to see if ARS305:(HMR-E)2 initiated
late (as opposed to not at all). We compared Figure 3. (HMR-E)2 Delay of Initiation Requires SIR1 and ORC Bind-
ARS305:(HMR-E)2 with the late origin ARS501. Neither ing at HMR-E
origin replicated in the HU-treated RAD53 strain, while (A) ARS function of (HMR-E)2 requires the ORC binding sites. Yeast
were transformed with plasmids having (HMR-E)2 wild-type, pDZ65,both replicated late in the HU-treated rad53-21 mutant
or (HMR-E*)2 with mutations in the ORC binding sites, pDZ69. Photo-(Figures 1B and 1C). The ARS305:(HMR-E)2 replication
graph of Trp colonies.intermediates appeared 30 min later than the ARS305
(B) Both SIR1 and ORC binding sites in (HMR-E)2 are required forintermediates and about at the same time as those
delay of initiation at ARS305. ARS305:(HMR-E*)2 structure is shown
from the late origin ARS501. In the rad53-21 strain, at the top. Below that is the Southern blot analysis of RI DNA, using
ARS305:(HMR-E)2 replication is about half as efficient a probe for ARS305. DNA was compared from three strains: wild-
type ARS305, strain YDZ140, (HMR-E); with silencers with ORCas ARS305 replication (Figure 1C). This decreased effi-
site mutations ARS305:(HMR-E*)2, strain YDZ200, (* HMR-E); andciency may be due to partial activity of rad53-21 (dele-
with silencers in the sir1 mutant indicated by (), strain YDZ216.tion of RAD53 is lethal) [19]. This experiment does not
(C) Data in (B) normalized using ARS607 signal.prove that ARS305 itself is initiating late in the context
of ARS305:(HMR-E)2 because HMR-E has replicator
function (but see below). Nevertheless, we can conclude on replication was dependent on the Sir complex by
using asir4 mutant, which cannot establish or maintainthat HMR-E has a dominant effect on ARS305.
HMR-E recruits a Sir protein complex that spreads the complex [20]. sir4 mutants are resistant to  factor,
because they fail to silence genes at HML, so we deletedinto nearby chromatin, leading to a transcriptionally si-
lent state [20, 21]. We asked whether the effect of HMR-E these genes at HML to enable us to continue to use 
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Figure 4. Transcriptional Silencing in the
ARS305 Region
(A) APA1 is next to ARS305 and 1 kb from
the integration site for HMR-E sequences
(shown) or GAL4 binding sites (not shown).
(B) Silencing of APA1 transcription by HMR-E
sequences and by GBD-Sir4. Bar graph shows
APA1 mRNA measured for nine strains and
normalized to ACT1 mRNA. Relevant geno-
types are listed to the right of each bar and
also here, as follows: (1) ARS305, (2)
ARS305:(HMR-E)2, (3) ARS305:(HMR-E)2 hml,
(4) ARS305:(HMR-E)2 hml sir4, (5)
ARS305:(HMR-E)2 hml sir1, (6)
ARS305:(HMR-E*)2, (7) ARS305:(HMR-E)2
rad53-21, (8) ARS305:(G)5 (GBD), and (9)
ARS305:(G)5 (GBD-Sir4).
(C) Northern blot of APA1 and ACT1 mRNA
used to generate bar graph in (B). Lanes are
numbered as in (B), and complete genotypes
are listed in Experimental Procedures.
factor arrest in the replication timing experiments. In a ORC has roles in both silencing and replication initia-
tion [25–27]. We investigated the role of the ORC bindingsir4 mutant, ARS305:(HMR-E)2 fired early and efficiently
(Figures 2A and 2B). Replication of ARS305:(HMR-E)2 in site in HMR-E by mutating the ORC binding site in both
copies of HMR-E in ARS305:(HMR-E)2 to generatethe sir4 strain was nearly as efficient as that seen for
ARS305, and the time at which replication intermediates (HMR-E*)2. As expected, (HMR-E*)2 was no longer active
as an ARS (Figure 3A). ARS305:(HMR-E*)2 was restoredwere generated was identical (Figures 2A and 2B). Thus,
SIR4 is essential for the resetting of ARS305 from early to an early firing state, having the same timing as
ARS305 (Figures 3B and 3C). A control mutation in theto late by (HMR-E)2. We find that SIR4 is not essential for
the late replication of HMR (data not shown), presumably ORC binding site that had no effect on the ARS activity
of (HMR-E)2 also had no effect on the ability of HMR-E tobecause HMR is more complex than (HMR-E)2. Similarly,
disrupting silencing by mutation of cis-acting sequences delay replication initiation at ARS305 (data not shown).
These data show that the binding of ORC to HMR-Efails to change HMR replication from late to early [12],
and deletion of SIR4 or SIR3 fails to activate dormant is important for regulating timing of nearby ARS305.
Similarly, the ORC binding site is particularly importantorigins near HML [11, 22]. By moving the relatively sim-
ple HMR-E to an ectopic location, we reveal a SIR- for transcriptional silencing in the context of a minimal
HMR-E element ([28] and see below). Note that the repli-dependent pathway for control of replication timing at
an internal chromosomal location. cation pattern seen for the ORC binding site mutant is
quite similar to that found for the sir1 mutant (FigureThe HMR-E silencer recruits Sir complexes through its
binding sites for the origin recognition complex (ORC), 3C), as expected.
Our results indicate that silencer properties importantRap1 and Abf1, which in turn bind the Sir proteins [21,
23]. The clearest role for ORC in transcriptional silencing for reprogramming an early origin to fire late are similar
or identical to the properties important for transcrip-is that the Orc1 subunit binds Sir1, and Sir1 in turn binds
Sir4, thus helping to seed a silencing complex [24]. We tional silencing. To test this, we measured transcrip-
tional silencing of the APA1 gene, which is adjacent totherefore tested whether Sir1, like Sir4, was required for
(HMR-E)2 to cause late replication at ARS305. Whereas ARS305 approximately 1 Kb from the insertion site of
the HMR-E constructs (Figure 4A). (HMR-E)2 inhibitedSir4 is essential for silencing at HM loci and telomeres,
Sir1 is important but not essential for HM silencing and transcription of APA1 (Figures 4B and 4C). As expected,
(HMR-E)2 did not inhibit transcription of APA1 in thenot required for telomeric silencing. Significant early
replication was restored to ARS305:(HMR-E)2 by dele- sir4, sir1, and (HMR-E*)2 ORC binding site mutants
that disrupted (HMR-E)2 control of replication (Figurestion of SIR1 (Figures 3B and 3C). Thus, Sir1 is important
for HMR-E control of DNA replication at an ectopic locus. 4B and 4C). We note that silencing of APA1 is reproduci-
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that recruitment of a silencing complex by Sir4 is suffi-
cient to regulate ARS function. As expected, GBD-Sir4
silenced transcription of APA1 in the ARS305:(G)5 strain
(Figures 4B and 4C), showing once again that ability to
silence transcription is correlated with control of repli-
cation.
We used the rad53-21 mutant strain to find out if
targeting GBD-Sir4 to ARS305:(G)5 resets the origin to fire
late or if Sir4 simply prevents initiation. ARS305:(G)5 in
the presence of GBD-Sir4 generated replication interme-
diates in the checkpoint-defective strain (Figure 5B).
This is particularly important for interpreting the results
with (HMR-E)2. Those results could be accounted for by
a model in which silencing proteins simply inactivate
ARS305 but still allow late replication from (HMR-E)2.
The result that ARS305:(G)5 can initiate replication in the
presence of GBD-Sir4 in the rad53-21 mutant shows that
GBD-Sir4 changed the timing of initiation at ARS305 but
did not abolish it.
Since Sir4 is found at the nuclear periphery [9], we
thought Sir4 might affect timing by tethering associated
origins to the nuclear periphery. As an alternative
method of tethering an origin to the nuclear periphery,
we used GBD-Yif1 to tether ARS305:(G)5. (Yif1 is an inte-
gral membrane protein.) Overexpression of GBD-Yif1 had
previously been shown to cause the protein to accumu-
late at the nuclear periphery and to anchor an HMR locus
with GAL4 sites at the periphery [31]. In our experiments,
GBD-Yif1 had no effect on replication of ARS305:(G)5
(data not shown). This suggests that simply tethering
ARS305:(G)5 to the nuclear periphery is not sufficient
to confer late replication timing. Likewise, the previous
work had shown that simple tethering failed to silence
transcription in the absence of at least one HMR-E si-
Figure 5. GBD-Sir4 Resets Replication at ARS305:(G)5 from Early to lencer element [31]. Similarly, the binding of GBD-Yif1 at
Late ARS305:(G)5 did not affect transcription of the nearby
(A) GBD-Sir4 blocks formation of replication intermediates in HU. APA1 in our studies (data not shown). These observa-
Structure of ARS305:(G)5 is shown at the top. Below that is the tions are also consistent with the report that the localiza-Southern blot analysis of RI DNA using a probe for ARS305. DNA
tion of subtelomeric regions to the nuclear peripherywas compared from wild-type ARS305, strain YDZ140, (GAL4
[10] failed to confer late replication timing in the absencesites); and the ARS305:(G)5 strain, YDZ137, (GAL4 sites) trans-
formed with plasmids expressing GBD or expressing GBD-Sir4 indi- of the silencing factor SIR3 [7]. It seems that chromatin
cated by (S). structure is a more important determinant of replication
(B) rad53-21 allows replication initiation at ARS305:(G)5 in cells ex- timing than subnuclear localization.
pressing GBD-Sir4. RI DNA for ARS305 was detected by Southern
blot and normalized to ARS607 signal for the same blot. Data are
shown for RI DNA from the ARS305:(G)5 strain YDZ137, transformed Conclusions
with plasmids expressing GBD or expressing GBD-Sir4 and from We have found that directing Sir proteins to an origin
ARS305:(G)5 rad53-21 mutant strain YDZ218, transformed with GBD- can reset replication timing from early to late, probably
Sir4.
because the Sir proteins modify chromatin structure.
Ability of Sir proteins and a silencer to make replication
bly better in the rad53-21 mutant (Figures 4B and 4C late is correlated with transcriptional silencing. Thus,
and data not shown). Perhaps this is due to the rad53 our experiments identify a Sir-dependent pathway for
mutation affecting the cell cycle; previous work has control of replication timing and provide a defined con-
demonstrated that many cell cycle mutants also text in which to investigate exactly which aspects of
strengthen silencing [29]. Importantly, our results show chromatin structure affect timing.
a strong correlation between the transcriptional silenc-
ing of APA1 and late replication initiation at ARS305. Experimental Procedures
Next we asked if simply targeting a Sir protein to an
Plasmidsearly origin is sufficient to make it fire late. The Gal4(1-
kanMX6 marked constructs were made for targeted integration.147)-Sir4 hybrid protein (GBD-Sir4) can silence transcrip-
(HMR-E)2 was amplified by PCR from pES201 [17] and cloned intotion in the vicinity of GAL4 binding sites [30]. We asked
the PacI site of pFA6a(kanMX6) [32] to make pDZ46 [(HMR-whether GBD-Sir4 could regulate replication at ARS305. E)2:kanMX6]. A BamHI fragment containing five Gal4 binding sites
Five GAL4 binding sites were integrated next to ARS305 [33] was cloned into the BglII site of pFA6a(kanMX6) [32] to make
to make ARS305:(G)5. GBD-Sir4 blocked formation of rep- pDZ43 [(G)5:kanMX6]. The ORC binding site in HMR-E was changed
from TAAATATAAAA to TTTTTACAAAA by PCR-mediated site-lication intermediates at ARS305:(G)5 (Figure 5), showing
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directed mutagenesis and then cloned into pFA6a(kanMX6) [32] cut GBD or GBD-Sir4 (see the Yeast Strain section above for genotypes
and the Plasmids section for plasmid details).with PacI and BstXI to generate pRJ3 [(HMR-E*)2:kanMX6]. Control
ORC binding site mutations were engineered into HMR-E (TAAATA
TAAAA to TTTATATAAAA) in similar fashion and cloned into pFA6a Acknowledgments
(kanMX6) cut with PacI to generate pDZ57 (HMR-Econtrol*:kanMX6,
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